This study is about the particle retention and filtration characteristics of fibre filter. Four laboratory scale fibre filters with different heights were used in parallel at various packing densities and filtration velocities. Of all of the operating parameters studied, filtration velocity had the most influence. Contrary to general theories, pressure drop increases slightly during the filtration in spite of the continuous retention of particles. This may have occurred because of large porosity of the packing (about 93%). This might be considered an advantage of the filter and something that makes it economic. The higher the filtration velocity, the larger the mass of particles retained in the filter. For filtration velocities of 20 and 40 m/h, particles smaller than 5 mm are retained as proven by the particle size distribution at the inlet and outlet.
Introduction
Tertiary treatment of secondary treated wastewater is the easiest way to improve the water quality of rivers and is the first step in the direct reuse of water. Removing the suspended and colloidal fraction still remaining in wastewater at the outlet of the secondary settler is feasible by enhanced filtration (Lee et al., 2006) or not by the use of coagulants. This treatment is effective for decreasing the SS concentration, turbidity, the BOD associated with this fraction, and eventually the phosphorus concentration.
Sand filters and disc filters have already been used for this purpose. Each has the following disadvantages: the sand filter needs relatively low filtration velocities thus requiring a large installation area; and the disk filter operates at higher filtration velocities but its effectiveness is limited and the equipment costs are higher. Recently, an innovative deep bed fibre filter has been developed in Korea and its advantages have resulted in its installation in several large wastewater treatment plants.
The purpose of this paper is to understand better the operation of this kind of filter. For easier interpretation of the results, the experimental study was performed at laboratory-scale using a suspension of clay (bentonite) instead of natural water. The geometry of the laboratory-scale filter differs significantly from the design of the full-scale filters. For both of these reasons the results also differ significantly from the results of onsite operation. The laboratory scale results will be used to validate a mathematical simulation model, which is under development, that will be used in the development of an optimal design and operation of the full-scale units.
Materials and methods
The experimental set-up is shown in Figure 1 . The experiment was performed using a vertical column with liquid upflow and a parallel exit. Four filters (diameter 30 mm), of differing heights (400, 600, 800, 1000 mm), were simultaneously used in order to investigate variations in turbidity by height. A suspension of bentonite (inlet turbidity 20 NTU, average particle size 8 mm, density 1.62 g/mL) was used as the influent liquid. For this kind of suspension, there is a linear relationship between turbidity and suspended solids concentration; this is why turbidity was used as the parameter for quantifying the effectiveness of the filtration. The flow rate was controlled by a peristaltic pump and the pressure drop was measured with a piezometer. A bundle of polyamide microfibre was used as a filter medium. A picture of the fibres was recorded by SEM and is shown in Figure 2 . During the experiment, the removal efficiency (percentage of decrease of the turbidity due to the filtration) was estimated for various packing densities (50, 65 and 80 kg/m 3 ) and filtration velocities (20, 40, 80 m/h).
Results and discussion
Influence of the packing density on retention efficiency and pressure drop
In general, packing density (directly linked with the porosity of the packing), the filter media characteristics, and filtration velocity are important parameters for determining the removal efficiency in deep bed filtration (Yao et al., 1971) . First of all, the influence of packing density on the removal efficiency of particles (measured by the variation of the turbidity between the inlet and outlet of the filter) was measured at the filtration velocity of 40 m/h (Figure 3(a) ).
As can be seen, the removal efficiency was increased as the packing density increased. The greatest removal efficiency was shown at a packing density of 80 kg/m 3 . This can be explained by the increase in specific surface and the decrease of the porosity as the packing density increases. This simultaneous variation of these two parameters results in a decrease of the "equivalent pore diameter" in the porous media. These results demonstrate the influence of the packing density on the retention of the suspended solids. However, this improvement results in a faster growth of the headloss. Figure 3(b) shows the changes in pressure drop by packing density at the filtration velocity of 40 m/h. The same factors, which explained the improvement in retention rates, also explain the increase of pressure drops related to the porosity and to the specific surface (Lipp and Baldauf 2000) . In addition, it can be seen that the increase of pressure drops from its initial value until the end of the filtration period (150 min.) is quite low (around 100 mmH 2 O) and is only slightly dependent upon the density of the packing.
Influence of filtration velocities on the retention efficiency and pressure drop
At a packing density of 80 kg/m 3 , the influence of the filtration velocities on removal efficiency and pressure drops has been studied. Figure 4 (a) compares removal efficiency by filtration velocities (20, 40, 80 m/h).
As shown, the increase in filtration velocity resulted in a decrease in removal efficiency. As expected, the initial pressure drop is roughly proportional to the filtration velocity ( Figure 4(b) ). The increase of pressure drops during filtration is strongly dependent upon the filtration velocity as is the retention efficiency. This trend is similar to that reported by many researchers (Bai and Tien, 1997) working with granular media filter. However, these results prove that an increase in velocity results in a decrease in retention efficiency but also in an increase in the mass of the suspended solids that are retained in the filter at any given time of operation.
Profiles of turbidity
The outlet turbidity was measured by filtration velocity while the filtration time (60 min.) was held constant. The results are summarised in Figure 5 . As can be seen, the lower part of the filter, the entry zone, retains most of the particles, however, some particles are still retained on the upper part of the filter. This means that (unlike sand filters) the "retention wave" is quite large. This result is strongly related to the axial symmetry of the fibre packing and to the axial flow. The result should be different in the new mode of operation of 3FM filters, which includes a radial flow.
Cumulative retention Figure 6 shows the following. In a first approximation the mass of retained suspended solids increases proportionally to the filtration time. This differs greatly from the evolution of the pressure drop over time and could be a consequence of the reorganisation of the packing media and/or the deposits inside the filter (this is the subject of the current study). The lower part of the filter retains most of the particles but they also occur in the upper parts. Tables 1 and 2 indicate that the higher the filtration velocity the greater the mass of retained SS is despite the lower efficiency. The fibre filter is an effective tool for retaining suspended solids even at high velocities. The retention is strongly dependent on the characteristics of the suspended solids (size, shape, surface characteristics, etc.) which suggest that the results obtained using bentonite cannot be extrapolated to the suspended solids present in the secondary treated wastewater. Previous onsite results (BenAim et al., 2004) show that the retention efficiency is higher for onsite operation in real conditions.
These tables also show that the bottom part of the filter is more effective than the whole part: this is in agreement with the behaviour of a deep bed filter. There is a progressive saturation of the sites of retention. However, these results prove too that for the same volume of water filtered, that is to say, for the same production, the filtration velocity has only a slight influence on the retention.
Particle size distribution Figure 7 shows the variations in the particle size distribution (PSD) at the outlet of the filter at the beginning, at the end of the filtration period, and for different filtration velocities. In the early stages, most of the particles are removed. When the filtration velocity are less than 40 m/h, fine particles less than 5 mm can be efficiently retained. However, the particle size distribution strongly varies by time. After 60 min. of filtration, the retention efficiency of small particles looks negative, which could be due to the detachment of particles that are initially retained. As expected, the lower the filtration velocity, the smaller the size of particles that are retained. As pointed out previously, these results are strongly dependent on the nature of the particles and the present results obtained with bentonite cannot be extrapolated to the suspended solids present in secondary treated sewage, which have completely different characteristics.
Conclusion
As in granular filters, the most influential parameter with 3FM filter is the filtration velocity. The filtration velocity influences not only the retention efficiency but also the size of the particles retained. The retention efficiency decreases when the velocity increases, however, the cumulative mass of retained suspended solids increases with the filtration velocity. Owing to the axial symmetry of the packing and to the axial flow, the "filtration wave" is quite large resulting in the smallest particles breakthrough quite quickly. Changes in the operating conditions and the hydraulic configuration should improve performance, which has already been confirmed in the new version of the filter. The results obtained in this study will be used to check the simulation models presently in development. This filter should play an important role in wastewater reuse processes as a final polishing step after the secondary settler in wastewater treatment plants or as an intermediate step before a membrane filtration unit, depending on the quality of the water which is needed. Table 2 Fraction of volume occupied by the retained particles (retention) with filtration velocity at a packing density 80 kg/m 3 in the bottom part (0-400 mm) and in the whole filter (0-1,000 mm) after filtration of the same volume of water 
